Induction of Entner-Doudoroff pathway enzymes in Pseudomonas fluorescens was investigated to study the role of gluconate as a possible inducer. Glucose oxidase-deficient mutants were isolated and characterized. One of these mutants, gox-7, was deficient in particulate glucose oxidase; another mutant, gox-17, was deficient in particulate glucose and gluconate oxidase activities. Gluconate, but not glucose, induced synthesis of gluconokinase and 6-phosphogluconate dehydratase in both mutants. High constitutive levels of 2-keto-3-deoxy-6-phosphogluconate aldolase were found when both mutants were grown on glucose. Growth of parent and both mutant strains on glycerol also resulted in high levels of Entner-Doudoroff pathway enzymes. It was concluded that glucose cannot serve as an inducer molecule for derepression of EntnerDoudoroff pathway enzymes in P. fluorescens. Evidence presented provides good support for gluconate being the true inducer of this pathway in P. fluorescens. A relationship is presented for explaining distribution of the EntnerDoudoroff pathway in certain groups of bacteria.
The Entner-Doudoroff (ED) pathway was first described in Pseudomonas saccharophila (7) and subsequently established as a major pathway in P. fluorescens (14, 15) . The ED pathway is generally recognized as a major glucose-inducible system for glucose dissimilation in pseudomonads (13, 16, 20) .
Induction of ED pathway enzymes by growth in the presence of gluconate, but not glucose, has been reported to occur in a wide variety of microorganisms such as Pasteurella (2, 19) , Salmonella typhimurium (6, 9) , Escherichia coli (6, 10) , Enterobacter aerogenes (6) , Vibrio natriegens (previously Pseudomonas natriegens [5, 23] ), and Streptococcus faecalis (22) . Eisenberg and Dobrogosz (6) reported that P. fluorescens does not contain significant levels of the ED pathway enzymes 6-phosphogluconate (6-PG) dehydratase (EC 4.2.1.12) and 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase (EC 4.1.2.14) when grown in the absence of either glucose or gluconate. Using the above information, Eisenberg and Dobrogosz suggested that ED pathway en- ' Presented in part at the 71st Annual Meeting of the American Society for Microbiology, Minneapolis, Minn., [2] [3] [4] [5] [6] [7] May 1971. 2This work is part of a dissertation submitted by the senior author in partial fulfillment of requirements for the B.A. degree, Honors College, Western Michigan University. zymes in P. fluorescens are, like E. coli, induced by gluconate and that this induction occurs in the presence of glucose because of the metabolic production of inducer (i.e., gluconate). It was further suggested that this mechanism of accumulating inducer (gluconate) might be applicable to all organisms using the ED pathway for catabolism of glucose.
The purpose of this report is to more rigorously establish gluconate as an inducer of ED pathway enzymes in P. fluorescens when this organism is grown on glucose. This information should help simplify the understanding of distribution and occurrence of the ED pathway in certain classes of microorganisms.
MATERIALS AND METHODS
Organisms. P. fluorescens ATCC 13525 and glucose oxidase-negative mutants derived from it were used throughout this study. The mutants were designated gox.
Media and growth. All cells were maintained on slants containing (grams per liter): tryptone (Difco), 10.0; yeast extract (Difco), 5.0; sodium chloride, 10.0, and agar (Difco), 15 .
The gox mutants were selected on a modified eosin-methylene blue agar containing (grams per liter): eosin-y, 0.2; methylene blue, 0.033; yeast extract, 10.0; D-glucose, 10.0, and agar, 15.0. Cells with defective glucose metabolism produced pink colo-QUAY, FRIEDMAN nies, whereas normal cells produced dark purple colonies with a metallic green sheen.
For both whole-cell and enzymatic studies, the organisms were grown on a basal medium containing (grams per liter): K2HPO4, 48.2; KH2PO4, 8.0; MgSO4*7H2O, 0.1; (NH4),SO4, 1.0, and acid-hydrolyzed, vitamin-free Casamino Acids (Difco), 2.5. The level of Casamino Acids was reduced to 1.0 g/liter for growth rate studies. The type and quantity of carbohydrate added is indicated in the results. Cultures were incubated at 25 C in a New Brunswick gyratory incubator-shaker.
Growth rates were determined turbidimetrically using a Klett-Summerson colorimeter with a no. 66 filter. Turbidity measurements were converted to dry weight employing a previously determined standard curve of turbidity versus dry weight.
Mutagenesis and isolation of gox mutants. The procedure for mutagenesis was similar to that described by Adelberg et al. (1) . P. fluorescens was grown on nutrient broth (Difco) containing 1.0% Dglucose, harvested in mid-exponential phase (0.5 mg/ml dry weight), and washed twice with sterile 0.03 M potassium phosphate buffer (pH 7.0). The cells were resuspended in the same buffer to a concentration of 0.2 mg dry weight/ml. N-methyl-N'-nitro-N-nitrosoguanidine (NTG) was added to 4.0 ml of cell suspension (60 Ag of NTG/ml) and the suspension was shaken for 40 min at 30 C. The treated cells were centrifuged, washed twice with sterile potassium phosphate buffer, and resuspended to 5.0 ml with the same buffer. One-half milliliter of this suspension was used to inoculate 25 ml of nutrient broth containing 1.0% D-glucose and was incubated with shaking at 25 C. Mid-exponential cells were diluted in sterile saline (0.85%, w/v) to ca. 1,000 viable cells/ml and 0.1-ml portions were plated on modified EMB-glucose agar. Cells with defective glucose metabolism (pink colonies) were isolated in pure culture. Isolates exhibiting low oxygen uptake on glucose were then examined for loss of particulate glucose dehydrogenase activity. Two of these mutants, gox-7 and gox-17, were utilized in this study.
Preparation 6 -PG to NADP reduction as described previously (6) .
KDPG aldolase and 6-PG dehydratase were assayed essentially as described by Kovachevich and Wood (14, 15) .
Particulate glucose dehydrogenase (D-glucose: phenazine methosulfate oxidoreductase, EC 1. Oxygen consumption by resting cells in the presence of either glucose or gluconate was measured as described above for glucose oxidase by substituting washed cells for the particulate fraction. The reaction mixtures were allowed to incubate for 5 min before substrate addition. Activity was corrected (by subtraction) for endogenous 02 consumption which was always less than 5% of the activity observed with exogenous substrate.
Miscellaneous determinations. Protein was determined by the method of Lowry et al. (17) . Particulate fractions were treated with 0.5 N NaOH for 15 min at 100 C and, following centrifugation, the supernatant' fluid was assayed for protein content.
Crystalline bovine serum albumin was used as a standard. Corrections were made for Tris buffer.
Pyruvate was determined by the method of Friedemann and Haugen (12 
RESULTS
Isolation and characterization of glucose oxidase mutants. Figure 1 shows that the initial step in glucose catabolism of P. fluorescens is an oxidation of glucose to gluconate via a particulate oxidase (membrane-associated). The product of this reaction is then phosphorylated directly to give 6-PG or, alternatively, is oxidized to 2-ketogluconate, phosphorylated, and then reduced to 6-PG. Hexokinase is absent (3, 24) . If ever, showed no detectable glucose oxidase or glucose dehydrogenase activities. Again, some residual glucose oxidation did occur in whole cells of gox-17 at pH 7.0 ( Fig. 2 and Table 1 ).
The data presented in Fig. 2 and conate or glycerol but not in the presence of glucose. Gox-17 grew very poorly on the basal medium, with or without glucose, but did grow on basal medium supplemented with either gluconate or glycerol.
Induction of ED pathway enzymes. Two enzymes, 6-PG dehydratase and KDPG aldolase, are generally recognized as indicative of the presence of the ED pathway and are estimated by a coupled enzymatic reaction leading to production of pyruvate from 6-PG (6, 9, 13, 16). The level of these enzymes in crude extracts from parent and gox-7 cells, pulsed for 3 hr with various concentrations of glucose or gluconate, is shown in Fig. 4 . Growth of the parent strain in the presence of glucose (Fig. 4A) resulted, as expected, in the production of 6-PG dehydratase and KDPG Table 3 , we conclude that gluconate oxidase, gluconokinase, and 6-PG dehydratase are all gluconate inducible in P. fluorescens. The induction of gluconokinase, 6-PG dehydratase, and KDPG aldolase by gluconate in gox-17 suggests that 2-ketogluconate or 2-keto-6-phosphogluconate ( Fig. 1) are not true inducers since this mutant is also deficient in gluconate oxidase activity.
Growth of the parent organism and both mutants in the presence of gluconate resulted in higher levels of G-6-P and 6-PG dehydrogenase activities than were found when cells were grown on glucose (Table 3) . These unexpected results may be related to a cellular need for increased levels of reduced NADP (or NADH) in order to reduce higher levels of 2-keto-6-phosphogluconate produced when cells are grown on gluconate (Fig. 1) .
Induction of ED pathway enzymes by growth on glycerol. Previous data has shown that the P. fluorescens parent strain and both glucose oxidase mutants grew nearly as well on a glycerol-as a gluconate-containing medium (Table 2 ). Lessie and Neidhardt (16) have shown that P. aeruginosa contains high levels of 6-PG dehydratase and KDPG aldolase activities when grown on glycerol. It was therefore of interest to see if P. fluorescens, and particularly the P. fluorescens glucose oxidasedeficient mutants, were induced for these enzymes when grown on glycerol. Data presented in Table 4 clearly demonstrate the induction of these enzymes when the parent strain and gox-7 were pulsed with glycerol. Also, the specific activity of coupled 6-PG dehydratase and KDPG aldolase was highest when the glucose oxidase mutant (gox-7) was grown in the presence of glycerol. Separate experiments with cultures grown overnight in the presence of a Cells were grown to mid-exponential phase on basal medium containing 0.25% Casamino Acids. Glucose or gluconate was then added and incubation was continued for 3 hr. Cells were collected and particulate and particle-free fractions were prepared and assayed as described in Materials and Methods. glycerol (Table 5) showed that both glucose oxidase-deficient mutants were induced for coupled 6-PG dehydratase-KDPG aldolase activity. Again, the specific activity of this coupled enzyme activity in the mutant strains was approximately twice as high as in the parent strain grown on either glycerol or glucose. It should also be noted that the specific activity of this coupled reaction is comparable to that reported earlier (6) for overnight cultures. The relatively low specific activities presented in previous data in this report are due to short incubation periods with added carbohydrates. Figure 1 shows all the likely candidates for the true inducer of these two enzymes. We have shown that glucose cannot serve this role. Neither 2-ketogluconate nor 2-keto-6-phosphogluconate are likely inducers since: (i) Gox-17, which is deficient in gluconate oxidase (Table 3) , is induced by gluconate; and (ii) Escherichia and Salmonella do not accumulate 2-ketogluconate from gluconate. G-6-P is not a likely candidate since the facultative anaerobes described above produce this compound from glucose but are not induced for 6-PG dehydratase or gluconokinase when grown on glucose (6, 10) ; the same argument is applicable for ruling out the ED pathway end products pyruvic acid and glyceraldehyde-3-phosphate.
DISCUSSION
KDPG aldolase activity has been detected in constitutively high levels under a variety of conditions that do not include induction of 6-PG dehydratase (6, 15 ). An important contribution for understanding the induction of this enzyme has recently been advanced by Fradkin and Fraenkel (8) who suggested that KDPG aldolase is induced by KDPG itself. Low noninduced levels of KDPG aldolase were postulated to be sufficient for catalyzing formation of KDPG from normally occurring pyruvate and glyceraldehyde-3-phosphate. The KDPG thus synthesized would provide enough inducer to account for constitutive levels of aldolase.
Arguments presented above depend, in part, on assuming that there is no difference in the regulation of synthesis of ED pathway enzymes between P. fluorescens and organisms such as E. coli. Although this assumption might be an oversimplification, it should be noted that the evidence presented in this report suggests that these organisms are, in fact, regulated similarly. P. fluorescens, like P. aeruginosa (16) , is also capable of being induced for ED pathway enzymes by growth in the presence of glycerol. Since the mechanisms of gluconeogenesis in pseudomonads is not well understood (16, 20) , there are no available means to account for gluconate accumulation via glycerol metabolism in P. fluorescens. One interesting possibility is that glyceric acid, produced from glycerol, might serve as a gratuitous inducer if gluconate is indeed a true inducer. This possibility should be further explored.
Increased levels (ca. twofold) of both G-6-P and 6-PG dehydrogenases were detected when P. fluorescens, and both glucose oxidase mutants, were grown in the presence of gluconate (Table 3 ). These unexpected results might be explained if the membrane-associated glucose and gluconate oxidases play an obligatory role in the transport mechanisms of these substrates. Figure 1 shows that oxidation of glucose to gluconate (enzyme activity found in the particulate fraction) is the first step in glucose catabolism in this organism. We have confirmed in these studies (data not presented) the earlier observation that glucokinase activity cannot be detected in P. fluorescens (3, 24) . Gluconate produced from glucose may then be phosphorylated or oxidized. When gluconate serves as the growth substrate, gluconate oxidase activity might then be required for transporting this substrate across the cell membrane. Thus, growth on gluconate could lead to higher intracellular levels of 2-ketogluconate than growth on glucose (Fig. 1) . Increased metabolic flow of 2-ketogluconate through 6-PG would require higher levels of reduced NADP (or NADH). Under these conditions, the cell may respond to an increased demand for reduced pyridine nucleotide by increasing levels of NADPH (or NADH) generating enzymes such as the G-6-P and 6-PG dehydrogenases.
Romano et al. (21) have suggested the phosphoenylpyrvate: glucose phosphotransferase system does not generally occur in obligately aerobic bacteria such as Pseudomonas. Eagon and Phibbs (4) have shown that P. aeruginosa takes up glucose by active transport and they have concluded that glucose is transported as a free sugar and trapped by intracellular phosphorylation via glucokinase. Since P. fluorescens does not have glucokinase activity, intracellular accumulation of glucose carbons in this organism may occur by oxidation to gluconate and subsequent phosphorylation. We will show in a future report that uptake of "4C-glucose by P. fluorescens whole cells exhibits active transport properties and this energydependent uptake is drastically altered in the glucose oxidase mutants described here.
In summary, a variety of aerobic pseudomonads have been shown to have a glucoseinducible ED pathway (3, 6, 13, 16, 18, 20) . We predict that many of these organisms, like P. fluorescens, are not induced by glucose, per se, but produce inducer, i.e., gluconate, from glucose.
